Methamphetamine (METH) exposure is primarily associated with deleterious effects to dopaminergic neurons. While several studies have implicated the endocannabinoid system in METH's locomotor, rewarding and neurochemical effects, a role for this signaling system in METH's effects on dopamine terminal dynamics has not been elucidated. Given that CB1 receptor blockade reduces the acute potentiation of phasic extracellular dopamine release from other psychomotor stimulant drugs and that the degree of acute METH-induced increases in extracellular dopamine levels is related to the severity of dopamine depletion, we predicted that pretreatment with the CB1 receptor antagonist rimonabant would reduce METH-induced alterations at dopamine terminals. Furthermore, we hypothesized that administration of METH in environments where reward associated-cues were present would potentiate METH's acute effects on dopamine release in the nucleus accumbens and exacerbate changes in dopamine terminal activity. Fast-scan cyclic voltammetry was used to measure electrically-evoked dopamine release in the nucleus accumbens and revealed markers of compromised dopamine terminal integrity nine days after a single dose of METH. These were exacerbated in animals that received METH in the presence of reward-associated cues, and attenuated in rimonabant-pretreated animals. While these deficits in dopamine dynamics were associated with reduced operant responding on days following METH administration in animals treated with only METH, rimonabant-pretreated animals exhibited levels of operant responding comparable to control. Moreover, dopamine release correlated significantly with changes in lever pressing behavior that occurred on days following METH administration. Together these data suggest that the endocannabinoid system is involved in the subsecond dopaminergic response to METH.
Introduction
In 2008, methamphetamine use was associated with over an estimated 66,000 emergency room visits (SAMHSA, 2010) . Repeated use and high doses of METH are associated with cognitive (Gonzalez et al., 2004; Scott et al., 2007) , structural and neurochemical abnormalities (Chang et al., 2007; Wilson et al., 1996) . The negative behavioral and cognitive effects of chronic use are attributed to enduring changes in brain structure, function and chemistry (Chang et al., 2007; Scott et al., 2007) , and thus elucidation of the neural correlates of METH-induced alterations have profound implications for developing therapeutics to treat METHabuse. METH exerts significant dopaminergic effects through blockade and reversal of the dopamine transporter (DAT) (Sulzer et al., 1995) , leading to increased levels of extracellular dopamine, and subsequent free radical production (Yamamoto and Zhu, 1998) . The resulting oxidative stress likely underlies dopamine alterations from METH, with the degree of acute METH-induced aberrant dopamine overflow predicting the severity of enduring dopamine depletions (Yamamoto and Zhu, 1998) .
Neurochemical depletions associated with chronic METH exposure are particularly pronounced in the striatum (Chang et al., 2007) . Amphetamines exert significant action on DAT in the nucleus accumbens (NAc, Wise and Bozarth, 1985) , an area in which chronic METH users exhibit deficits in glucose metabolism , DAT density, dopamine content and activity of the rate-limiting enzyme, tyrosine hydroxylase (Wilson et al., 1996) . We therefore hypothesized that any manipulation of dopaminergic activity in this brain region during METH's acute effects would alter METH-induced dopaminergic effects. As drug users take substances in a wide range of environments, research into the impact of environmental stimuli (present during drug administration) on the effects of METH is warranted. As cues that predict access to foodmaintained responding contribute to increased phasic dopamine release in the NAc (Roitman et al., 2004) , we hypothesized that administration of the drug in environments with such cues would augment acute METH-induced raises in dopamine in this brain region and thus exacerbate METH-induced neurochemical depletion.
The endocannabinoid system, comprised of its neurotransmitters, receptors and enzymes (Alger and Kim, 2011) , has been implicated in the stereotypy and rewarding effects of METH, yet no work has investigated its role in METH-induced dopaminergic alterations. Studies have demonstrated that CB1 receptor blockade decreases METH self-administration systemically (Schindler et al., 2010) and into the NAc core (Rodriguez et al., 2011) . In addition, local administration of the CB1 receptor antagonists rimonabant or AM251 into the NAc reduces stereotypy from METH (Morra et al., 2010) . Importantly, CB1 receptors are densely expressed in the NAc (Julian et al., 2003) , and their activity modulates the mesolimbic dopamine system, the rostral dopaminergic projection from the ventral tegmental area (VTA) to the NAc (Cheer et al., 2003; Hungund et al., 2003; Wenger and Fürst, 2004) . Indeed, rats treated with rimonabant exhibit markedly attenuated cocaine-induced increases in frequency and amplitude of NAc dopamine transients (Cheer et al., 2007b) . We therefore hypothesized that rimonabant pretreatment would be associated with a reduction in the rise in extracellular dopamine caused by METH and thus a decrease in the effects of METH in the NAc.
Matierals and methods

Subjects
Male Sprague-Dawley rats (n ¼ 31; 275e350 g and 65 days old upon arrival) were ordered from Charles River (Charles River, Wilmington, MA), housed individually in a temperature-controlled environment on a 12-h light/dark schedule (on at 7:00 am, off at 7 pm). Upon arrival, animals were allowed two days of rest and were provided food and water ad libitum. They were then weighed and brought down to 85% body-weight over 8 days.
Drugs
Methamphetamine HCL was obtained from Sigma-Aldrich and dissolved in saline at a concentration of 15 mg/mL. Rimonabant (SR141716A) (Research Triangle InstituteeNational Institute on Drug Abuse, Raleigh, NC) was freshly mixed in a 1:1:18 ratio of ethanol, emulphor (Alkamuls EL-620; Rhodia, Cran-bury, NJ), and saline (0.9%) at a concentration of 3 mg/mL. All drugs were injected intraperitoneally (IP).
Training boxes
Plexiglas chambers of 43 Â 43 Â 53 cm dimensions (Med. Associates, Inc., St Albans, VT, USA) were used for training. Chambers were individually housed in sound-attenuating cubicles. The beginning of training sessions was indicated by illumination of a cue light positioned above the right lever, a house light positioned at the top of the box opposite to the lever, lever extension of both the right and left levers and white noise. Pressing the right, but not the left lever induced 1) release of one chocolate pellet (F05984, 45 mg Chocolate flavored, Bio-Serv, Frenchtown, NJ) into a food cup positioned between the two levers, 2) withdrawal of both levers, 3) initiation of a tone and 4) termination of both the house and cue lights. After an inter-trial interval of 10 s, the levers extended, the lights re-illuminated and the tone was terminated. Rats were permitted to press the lever during daily one hour sessions. White noise remained on throughout the session.
Experimental design
Behavioral experiment
A between subjects design (n ¼ 31) was used to assess how METH administration in an environment with reward-associated cues and rimonabant pretreatment modulates dopaminergic deficits that follow METH administration (Fig. 1) . Four groups, FOOD þ Saline, FOOD þ METH, NoFOOD þ METH and FOOD þ RIMO þ METH were randomly created upon arrival. Chocolate pellets (F05984, 45 mg Chocolate flavored, Bio-serv, Frenchtown, NJ) were placed in animal home cages 2 days prior to shaping to reduce neophobia on shaping days. Experimental groups (FOOD þ Saline, FOOD þ METH and FOOD þ RIMO þ METH) were shaped on a discrete 30 min FR1 food-maintained responding task for 4 days (InterTrial Interval (ITI) ¼ 1 s), at which point all subjects displayed robust operant responding. An additional group (NoFOOD þ METH) was not shaped and did not receive any food in the training box, but was placed in the same environment to control for environmental variables. In order to closely replicate the training environment of experimental animals, cues associated with food delivery were delivered non-contingently to NoFOOD þ METH animals at a frequency similar to the rate of responding of trained rats. Following removal from training boxes, this group was given food in their home cages to maintain 85% weight. Post-shaping, subjects of the experimental groups (FOOD þ Saline, FOOD þ METH, FOOD þ RIMO þ METH) continued for seven days on daily discrete FR1 food-maintained responding (ITI ¼ 10s) sessions for one hour. The NoFOOD þ METH group was placed in the same environment, including non-contingent administration of cues associated with reward, but pellets were never dispensed. The NoFOOD þ METH group did not engage in the operant behavior. All rats received IP injections of saline immediately preceding placement in training boxes, during shaping and training. Animals therefore did not experience an unusual amount of injection-related discomfort on days when they were administered drugs. On the eighth day of food-maintained responding, subjects were administered drugs before placement in their relative training environments. The FOOD þ Saline (n ¼ 12) group received behavioral training, vehicle pretreatment followed by saline injection on the day of drug administration. The FOOD þ METH (n ¼ 6) group received behavioral training, Fig. 1 . Visual depiction of experimental design. A between subjects design (n ¼ 31) was used to assess how the presence of reward-associated cues and rimonabant pretreatment impacts the dopaminergic deficits that follow METH administration. Animals in the different groups, FOOD þ METH, FOOD þ RIMO þ METH, Food þ Saline were shaped for 4 days, then maintained on hourly food-maintained responding sessions for seven days. On the following day animals were administered drugs, given one day of rest and returned to hourly sessions for seven days. Voltammetric experiments were then performed. The NoFOOD þ METH group was not conditioned to lever press for food, was given food only in home cages and received vehicle pretreatment and METH administration; FOOD þ Saline group was conditioned to lever press for food and received vehicle pretreatment and saline administration. FOOD þ METH group was conditioned to lever press for food and received vehicle pretreatment and METH administration (25 mg/kg IP); FOOD þ RIMO þ METH group was conditioned to lever press for food and received rimonabant (3 mg/kg) pretreatment followed by METH. NoFOOD þ METH group received equal exposure to the same environment with cues associated with reward, but lever press did not dispense food.
vehicle pretreatment followed by METH injection. The FOOD þ RIMO þ METH (n ¼ 10) group received behavioral training, rimonabant pretreatment followed by METH injection on METH administration day. The NoFOOD þ METH group (n ¼ 7) was not trained to lever press for food, and received vehicle pretreatment followed by METH injection (Fig. 1) . Following drug administration, animals rested for one day in their home cages and then returned to hourly sessions for an additional seven days. Animals received seven days of training post METH administration so that the experiment was symmetrical in reference to drug administration. The day following the final session of food-maintained responding, animals were terminally anesthetized and voltammetry experiments were conducted (Fig. 1) . Thus neurochemical analysis was performed nine days after acute METH administration. Animal schedules were staggered so only a single voltammetry experiment was conducted on any given day; this allowed for experiments to begin at similar times.
Drug administration
Although previous rat studies using single METH boli to induce dopaminergic alterations have administered doses as high as 40 mg/kg IP (Imam and Ali, 2001; Jayanthi et al., 2005) , our pilot studies revealed that such high doses induced high mortality rates. We employed a single dose regimen of 25 mg/kg because mortality occurred infrequently and the dose was sufficient to induce alterations in dopamine dynamics. The FOOD þ RIMO þ METH group received an IP injection of rimonabant (3 mg/kg) followed 30 min later by an IP injection of METH (25 mg/kg); the FOOD þ METH group received an equivalent solution of vehicle followed 30 min later by METH (25 mg/kg IP); the NoFOOD þ METH group received an equivalent solution of vehicle followed 30 min later by METH (25 mg/kg IP); the FOOD þ Saline group received an equivalent solution of vehicle followed 30 min later by an equivalent solution of saline. A visual representation of the experimental design can be found in Fig. 1 . Pilot studies revealed that four minutes following METH administration, rats ceased lever pressing. Therefore, on drug administration days, FOOD þ METH and FOOD þ RIMO þ METH groups received a special training schedule: 4 min after session initiation, the cues associated with lever press were automatically elicited so as to replicate the normal training environment. Pellets were dispensed with the cues until the food cup was filled, after which the cues, but not pellet delivery continued automatically until the session finished. Sessions ran for the normal 60 min. Animals that received METH did not consume the rewards, consistent with our pilot studies. The NoFOOD þ METH and FOOD þ Saline groups were exposed to the training environments that they had been maintained on. Following training, rats were placed back in their home cages and kept in the lab until METH-induced effects had dissipated (i.e. hyperlocomotion) and were returned to animal housing rooms. In order to test the hypothesis that administration of a drug in an environment with reward-associated cues results in additive changes to dopamine release dynamics, we used a single high dose capable of provoking dopaminergic changes. If multiple doses had been used, the drug may have influenced associations between the environment and conditioning. As the drug was not self-administered and the dose was high, the regimen was not intended to mimic intake patterns of normal METH users.
Procedure
Electrode preparation and calibration
Carbon fiber microelectrodes for anesthetized experiments were prepared as previously described (Addy et al., 2010) using carbon fiber (T650, Amoco, Greenville, SC) filled into 1.2 mm glass capillary tubes (A-M systems). Microelectrodes were cut at 75e120 mm past the glass tip under a light microscope (Olympus, Center Valley, PA) with a scalpel blade (Cheer et al., 2004) . Briefly, animals were anesthetized with urethane (1 g/kg, i.p.) and placed in a stereotaxic apparatus. Burr holes were drilled for carbon fiber microelectrodes at the level of the NAc (þ1.3 AP, þ1.3 ML from bregma) and for a bipolar stimulating electrode above the VTA (À5.2 AP; þ0.5 ML from bregma). One inside the brain, the carbon fiber electrode was held at À0.4 V in reference to an Ag/AgCl electrode (placed in the contralateral hemisphere). Ag/AgCl reference electrodes were made from 0.5 mm Ag wire (Aldrich) through electrolysis in HCl (Sigma-Aldrich). Cyclic voltammograms were collected at 10 Hz by ramping up to þ1.3 V and back in a triangular fashion at 400 V/s. Data collection, stimulation timing, and voltage application were controlled by interface boards and customwritten LabView routines (National Instruments) (Cheer et al., 2004) . After experimentation, current changes were converted to dopamine concentration changes via pre-or post-calibration as previously described (Addy et al., 2010) . A two-tailed independent samples t-test was conducted to ensure calibration factors did not differ significantly (p > 0.05) between pre-and post-calibrated electrodes.
Data analysis 2.6.1. Behavior
Behavioral data from 14 days of training (7 before and 7 after drug administration) were collected. Latencies to press, total presses and initiation of response were analyzed. Latencies to press, the time between lever extension and operant response, were averaged within session to produce a single value per training day. Total presses per day were collected. The time from trial start to the first lever press constituted the initiation of response. To characterize behavioral effects of METH administration, values of before and after administration were compared. In order to control for changes in behavioral responding that occurred during learning, only the 2 sessions before drug administration (days 6 and 7) and 2 days after (days 8 and 9) were averaged together and compared. A ratio of after/before was calculated for each animal. A one-way ANOVA was conducted for rate of responding, initiation of response and latencies to press. A two-tailed product-moment Pearson's correlation was run between the after/before ratio of total bar presses and mean peak amplitude of electrically-evoked dopamine release in the NAc.
Fast-scan cyclic voltammetry
Voltammetric data was analyzed as previously described by Addy et al. (2010) . Peak amplitude and rate of decay were calculated at every depth in which electrically-evoked dopamine was observed. Peak current was divided by calibration values, to calculate a dopamine concentration. Values from each depth measured were averaged across subjects, within group. A one-way ANOVA was conducted to assess differences between groups. Dopamine concentration vs. time plots were exported to Prism version 5 (Graph Pad, La Jolla, CA, USA). One-phase decay regression lines were fit to the data and software generated Tau values were collected for statistical analysis. Rate of decay was calculated from the Tau value of single exponential decay fits of all observed electrically-evoked dopamine. Peak amplitude and rate of decay were calculated at each stimulation point in the inputeoutput experiment. A mixed model ANOVA and two-way repeated measures ANOVA were conducted, accounting for both within and between subject differences as a function of stimulation level and treatment.
Statistics
All statistics were performed on SPSS 17 (SPSS, Chicago IL) and Prism version 5 (Graph Pad, La Jolla, CA, USA). All significance levels were set to 0.05. Bonferroni post hoc tests were conducted when omnibus tests exhibited significant results (p < 0.05).
Results
Methamphetamine administration is associated with reduced motivated behavior
To assess whether METH was associated with reductions in operant responding, and whether RIMO offered protection against this, total bar presses were collected within-subject by training day. The values for each behavioral parameter on each of the two training days before drug administration (training days 6 and 7) were averaged together. This value was divided by the average of the two training days after METH administration (training days 8 and 9) to produce a single value representing the change from baseline as a result of the drug. Given that our pilot studies revealed that rats did not lever press after METH injection, operant behavior on drug administration days was not included in the analysis. This ratio was analyzed with a one-way ANOVA to assess how METH altered behavior. Statistical analysis revealed a significant treatment effect for total bar presses (F(2,32) ¼ 5.242, p ¼ 0.0112) (Fig. 2) . Post-hoc analyses revealed that while the FOOD þ METH group displayed significantly less lever presses than FOOD þ RIMO þ METH, neither group displayed significant Fig. 2 . METH is associated with nonsignificant reductions in lever pressing that are reversed by rimonabant pretreatment. Ratio of total bar presses two days before and after drug administration (Mean AE SEM, *p < 0.05, One-Way ANOVA, Bonferroni post hoc test.).
. FOOD þ METH was, however, associated with a trend towards reduced lever presses. Therefore, while animals given METH showed nonsignificant reductions in lever pressing, RIMO prevented diminished responding.
3.2. METH reduces electrically-evoked NAc dopamine release and uptake nine days after administration 3.2.1. METH administration in environments paired with rewardassociated cues is linked with markers of reduced dopamine reuptake and this effect is attenuated by rimonabant
To investigate neurochemical correlates of the deficits in operant responding associated with METH treatment as well as the effects of rimonabant pretreatment, we measured dopamine release in the NAc on the four treatment groups. As deficits in DAT density are associated with METH toxicity (O'Neil et al., 2006; Wilson et al., 1996) , we analyzed the rate of decay (Tau) of electrically-evoked dopamine release as a measure of DAT activity. Indeed, a previous anesthetized voltammetry experiment has assessed METH-induced DAT function alterations via similar kinetic analyses (Howard et al., 2011) . We conducted a depth analysis to measure dopamine terminal integrity in the NAc. Given the heterogeneity of dopamine release in the NAc (Wightman et al., 2007) , electrically-evoked release was not observed at every depth and thus statistical analysis could not be conducted as a function of both depth and subject. Thus, in order to fully represent the measured release as a product of depth in statistical analysis, all the values at a given depth were averaged across subjects within a group. A one-way ANOVA revealed a significant effect of treatment on rates of decay (F(3, 44) ¼ 6.582, p ¼ 0.0009). Post hoc analyses revealed that the Tau values of electrically-evoked dopamine release (a quantification of decay rate) were significantly larger in animals receiving the drug in the presence of reward-associated cues (FOOD þ METH) (Fig. 3AeB) 
). This suggests that under these experimental conditions, METH administration in the presence of reward-associated cues (FOOD þ METH) was associated with signs of reduced DAT activity. Rimonabant pretreated animals (FOOD þ RIMO þ METH) received METH in the same environment (with food-predicting cues), but exhibited reuptake rates comparable to control animals only injected with saline (FOOD þ Saline), suggesting that CB1 receptor blockade was linked to an attenuation of the changes in DAT function that accompanied METH administration in environments with reward-paired cues. Because animals that received METH in the presence of cues that were not associated with reward (NoFOOD þ METH) exhibited rates of decay comparable to those of the FOOD þ Saline group, this suggest that METH administration in the presence of these cues (independent of operant training) was not inherently sufficient to elicit indices of compromised DAT functioning; i.e., these cues must have been paired with reward to produce the observed changes in markers of DAT function. Thus, when controlling for environmental variables, METH treatment was associated with markers of compromised DAT functioning only when administered in environments where animals were exposed to conditioned reward-associated cues.
To further characterize NAc DAT activity, an inputeoutput curve was generated in which VTA stimulation level was varied and NAc dopamine release was recorded. The rate of decay (Tau) was calculated for dopamine signals at each level of stimulation. To account for within and between subject differences, a mixed model ANOVA was employed to compare DAT activity as a function of treatment. Statistical analysis revealed a significant group effect (F(3,35) ¼ 54.94, p < 0.0001). There was, however, no significant interaction between stimulation level and treatment (F(24,143) ¼ 0.3297, p > 0.05) and thus values were collapsed across stimulations to determine the main effects of treatment. Post hoc analyses indicated that animals that received METH in environments with reward-associated cues (FOOD þ METH) exhibited significantly longer decay rates than other groups, (Fig. 3C )
Taken together these data suggest that METH administration in environments with reward predicting cues (FOOD þ METH) was linked with reduced dopaminere uptake, and pretreatment with rimonabant was associated with attenuated METH-induced effects.
Rimonabant pretreatment attenuates deficits in electrically-evoked dopamine release that accompany METH administration
To further analyze terminal activity, we examined the amplitude of electrically-evoked dopamine release throughout the NAc to measure the capacity of mesolimbic neurons to release dopamine. As mentioned above, dopamine release was not observed at every depth due to the heterogeneous nature of release in this brain region (Wightman et al., 2007) , thus dopamine release was not analyzed as a function of both depth and treatment. In order to fully represent release throughout the NAc, all the values at a given depth were averaged across subjects within a group. A one-way ANOVA revealed a significant effect of treatment (F(3,44) ¼ 7.106, p ¼ 0.001). Post hoc analyses indicated that animals which received METH without rimonabant pretreatment (FOOD þ METH and NoFOOD þ METH) exhibited amplitudes of electrically-evoked dopamine that were significantly lower than FOOD þ Saline and FOOD þ RIMO þ METH groups (Fig. 4AeB) , (Bonferroni post hoc: FOOD þ Saline vs. NoFOOD þ METH,
As NAc dopamine activity is associated with reward-directed behaviors (Cheer et al., 2007a; Roitman et al., 2004) , we sought to examine whether average levels of electrically-evoked dopamine release throughout the NAc correlated with the measures of behavior that we had obtained previously. As both operant responding (albeit nonsignificantly) and electrically evoked dopamine release were reduced in animals treated with METH (FOOD þ METH) compared to FOOD þ Saline and rimonabant-pretreated animals (FOOD þ RIMO þ METH), we investigated a correlation between behavioral and neurochemical indices of METH activity. Peak amplitude of electrically-evoked dopamine release from the depth analysis was averaged within subject and correlated with the ratio of total bar press changes that was associated with drug treatment. A two-tailed product-moment Pearson's correlation revealed a significant within-subject relationship between mean peak amplitude of NAc electrically-evoked dopamine release and total bar presses (r ¼ 0.63, n ¼ 13, p ¼ 0.02), suggesting that greater NAc dopamine release was associated with higher operant responding (Fig. 4C) . As the NoFOOD þ METH group did not engage in operant behavior, they were not included in statistical analysis.
To assess whether these neurochemical changes persisted throughout a range of stimulations, the peak amplitude of the inputeoutput experiment was also collected and analyzed. High stimulation parameters allowed for the assessment of the capacity of neurons to engage in phasic dopamine release, and the mobilization of the readily releasable pool (Zweifel et al., 2009) . As phasic release plays a crucial role in the initiation of motivated behavior (Cheer et al., 2007a) , this experiment bears strong behavioral relevance. Because there is a range of electrical activity that neurons exhibit and respond to, testing release at multiple stimulation amplitudes Fig. 3 . Animals administered METH in environments of food-maintained responding (FOOD þ METH) exhibit increased rate of decay of electrically-evoked NAc dopamine release. Rimonabant pretreated animals show rates of decay comparable to control. A, Representative false color plots of electrically evoked dopamine in the NAc, where green is dopamine oxidation; plots are normalized to maximal release to emphasize change in uptake. Insets are Current vs. Time traces of color along þ0.6 V. FOOD þ METH exhibits a longer tail of electrically-evoked dopamine release, demonstrating compromised reuptake. B, Mean values ofrate of decay in the NAc (Mean AE SEM, One-Way ANOVA, Bonferroni post hoc test). C, Rate of decay in an inputeoutput experiment (Mean AE SEM, One-Way ANOVA, Bonferroni post hoc test). Points are shifted in reference to NoFOOD þ METH to display error bars: FOOD þ Saline 6 points shifted right, FOOD þ RIMO þ METH 3 points shifted right, FOOD þ METH is 3 points shifted left, NoFOOD þ METH no shift. [*p < 0.05; **p < 0.01; ***p < 0.001]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) allowed for a robust assessment of terminal function. A two-way repeated measures ANOVA revealed a significant effect of treatment for peak amplitude in the inputeoutput experiment (F(3,27) ¼ 37.5, p < 0.0001). Since there was no significant interaction between stimulation and treatment (F(3,27) ¼ 0.66, p ¼ 0.88), values were collapsed across stimulations to examine the main effect of treatment. Post hoc analyses (Bonferroni: FOOD þ Saline vs.
001) indicated that animals who received vehicle pretreatment and METH (FOOD þ METH and NoFOOD þ METH groups) exhibited reduced electrically-evoked dopamine release throughout the inputeoutput curve compared to animals who received either rimonabant pretreatment and METH (FOOD þ RIMO þ METH) or who received vehicle pretreatment and saline (FOOD þ Saline). Rimonabant attenuated these METHinduced deficits (Fig. 5) , but animals pretreated with rimonabant still exhibited peak amplitudes that were lower than controls (FOOD þ Saline). Thus, METH treatment was associated with a reduction in the peak amplitude of NAc dopamine release, and rimonabant pretreatment partially attenuated METH's effect. This suggests that METH treatment is associated with a compromised releasable pool of dopamine nine days after administration and that this process involves CB1 receptor activation.
Discussion
The novel findings described herein suggest that a single dose of METH is associated with neurochemical deficits at NAc dopamine terminals as long as nine days after administration. METH administration in an environment with reward-associated cues exacerbates markers of reduced dopamine terminal health. Importantly, CB1 receptor blockade is associated with an attenuation of neurochemical markers of METH administration, implicating the endocannabinoid system in METH's subsecond dopaminergic effects. While METH administration is associated with only a nonsignificant reduction in behavioral responding, animals pretreated with a CB1 receptor antagonist exhibit significantly greater behavioral responding than animals only treated with METH. The exact nature of the behavioral deficits exhibited by animals that received METH in the presence of reward-paired cues (FOOD þ METH) cannot be determined given the experimental design. The high dose of METH used may have exerted motor impairments, lingering effects on appetite, or conditioned aversion which may underlie the marginal reductions in lever pressing on days following METH administration. Moreover, the large dose of METH may have been aversive; since animals were noncontingently delivered pellets and consumed pellets on the day of drug administration, the association between the aversive qualities of METH and the food may have contributed to the reduced lever pressing for food on subsequent days through conditioned aversion. If RIMO did attenuate neurochemical effects of METH it may have also reduced associated aversive effects and therefore decreased the METH-induced reduction in lever pressing through Points are shifted in reference to NoFOOD þ METH to display error bars: FOOD þ Saline 6 points shifted right, FOOD þ RIMO þ METH 3 points shifted right, FOOD þ METH is 3 points shifted left, NoFOOD þ METH no shift. Differences in averaging are responsible for discrepancy between Figs. 5 and 3: FOOD þ METH displays nonsignificant but greater average peak amplitudes in the depth analysis, where values were averaged between subject within a group at each depth and analyzed by one-way ANOVA; NoFOOD þ METH displays higher peak amplitudes in Fig. 3 as it was analyzed by a two-way ANOVA as data was obtained from only one depth for each subject. [*p < 0.05, **p < 0.01, ***p < 0.001]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) inhibition of conditioned aversion. Animals did, however, work for food on subsequent days and thus any potential conditioned aversion must have been subtle if this interpretation is accurate. The experimental design cannot address the precise mechanism through which METH modulated behavior. However, the withinsubject correlation between electrically-evoked dopamine levels and operant performance suggests that the behavioral effect may be dopamine-related, but this cannot be determined with the present results.
The finding that METH administration in the presence of rewardassociated cues is accompanied by slower dopamine uptake supports our hypothesis that such cues are associated with greater dopaminergic effects when compared with animals that received the drug in the same environment in the absence of cue-driven responding. Furthermore, rimonabant-pretreated animals do not exhibit indices of compromised DAT activity that accompany METH treatment in environments with reward-paired cues. We wish to caution the reader in the interpretation of both results as dopamine release was not measured when animals were administered METH or rimonabant and thus the cause of the observed effects cannot be determined. We propose, however, that the presentation of foodassociated cues on METH administration days augmented METHinduced elevations in dopamine release and possibly free radical production. Dopamine is released in the NAc in response to rewardassociated cues (Phillips et al., 2003; Roitman et al., 2004) and phasic midbrain dopamine neuron activity accompanies motivated behavior (Cheer et al., 2007a; Zweifel et al., 2009 ). Interestingly, animals that received METH without exposure to reward-associated cues (NoFOOD þ METH) did not exhibit altered rates of reuptake. Although the mechanism cannot be ascertained with the experimental design, the proposed cue-induced elevation in dopamine may have been necessary to push the rises in dopamine from METH to a level that resulted in measurable deficits. In other words, the METH-induced increases in dopamine may have not been sufficient to cause alterations in release dynamics without the cue-induced augmentation of dopamine.
Of note, METH treatment was associated with equivalent reductions in the peak amplitude of dopamine release compared to FOOD þ Saline and rimonabant-pretreated animals (FOOD þ RIMO þ METH), irrespective of whether cues were associated with reward. This suggests that METH treatment was accompanied by depletions to the releasable dopamine pool, which were uniformly attenuated by rimonabant. Reward-associated cues, however, were not linked with greater deficits of the peak amplitude of electrically-evoked release as FOOD þ METH and NoFOOD þ METH exhibited equal deficits of electrically-evoked release. Since only one report has assessed METH-induced dopaminergic alterations with anesthetized voltammetry (Howard et al., 2011) , it is difficult to address this discrepancy between release and cues in the present report. Reductions in DAT are more sensitive than dopamine content alterations are to METH's effects (O'Neil et al., 2006; Bjorklund et al., 2008) and may be more sensitive to lower doses of METH (Schwendt et al., 2009) . Striatal DAT function is rapidly compromised by reactive oxygen species (Fleckenstein et al., 1997; Kiss et al., 2004) . Thus, moderate augmentation of dopaminergic activity from reward-associated cues, and greater subsequent oxidative stress may be sufficient to exacerbate DAT loss of function, without significantly altering the ability of terminals to release. The peak amplitude of electrically-evoked release may therefore be less sensitive to minor changes in dopamine content than markers of DAT activity (Tau). Given the experimental design and assay used, however, we cannot determine the cause of this discrepancy. Operant training prior to METH administration may have influenced the dopamine alterations associated with METH given in environments paired with reward-paired cues. We feel it is improbable that training influenced DAT function, given that enriched environments do not influence METH toxicity (Thiriet et al., 2011) . Motor effects cannot be ruled out but appear to be an unlikely cause because lever pressing ceased four minutes following METH injection.
Rimonabant was associated with attenuated reductions in dopamine release and uptake that accompanied METH treatment. Rimonabant pretreatment was, however, linked with only partial protection against the diminished peak amplitude of dopamine release in the inputeoutput curve. While this group did show greater dopamine release than animals given METH without rimonabant (FOOD þ METH and NoFOOD þ METH), the RIMO group still showed lower peak amplitudes than control animals (FOOD þ Saline). While rimonabant appears fully protective in the depth analysis, the high levels of stimulation used in the inputeoutput curve may reveal subtle alterations in terminal dynamics not visible at the lower stimulation levels used in the depth analysis. This indicates that while rimonabant pretreatment is associated with attenuated METH-induced alterations in dopamine release dynamics, it is not fully protective.
Although CB1 receptor antagonism acutely reduces rewarddirected behavior (Trujillo-Pisanty et al., 2011) , it is unlikely that rimonabant influenced lever pressing three days after administration. If rimonabant did exert enduring effects it would likely result in reduced lever pressing, due to its anorectic effects (see De Vry et al., 2004) instead of mitigating the decrease in lever pressing associated with METH. Moreover, rimonabant likely did not independently influence dopamine terminal activity, but rather modulated METH's acute subsecond dopamine releasing effects. This is supported by our past work showing that rimonabant lacks acute effects at DAT (Cheer et al., 2007a) and data demonstrating the absence of CB1 receptors on dopamine terminals (Lupica and Riegel, 2005) . Since rimonabant is effective at reducing stimulantinduced elevations in NAc dopamine release (Cheer et al., 2007b) , and phasic dopamine transients from cues associated with reward (Oleson et al., 2012) , we argue that rimonabant may exert the effects seen here through attenuation of cue-evoked phasic release and reduced drug-induced dopamine augmentation, which are difficult to dissociate with our design. As diminished DAT activity is a result of oxidative stress (Fleckenstein et al., 1997; Kiss et al., 2004) , putative rimonabant attenuation of acute METH-induced dopamine release may underlie rimonabant's protection against markers of DAT depletion. We stress that this is speculation based upon sound inductive reasoning, given the experimental design and that rimonabant's effects on free radical production under our specific experimental conditions are unknown.
Rimonabant's effects are consistent with prior findings that endocannabinoids modulate the effects of other psychostimulants; rimonabant inhibits relapse to both cocaine (De Vries et al., 2003) and methamphetamine (Anggadiredja et al., 2004) . It reduces the acquisition and reinstatement of METH self-administration (Schindler et al., 2010) , and METH-related reward memory in conditioned place preference experiments (Yu et al., 2011) . CB1 receptor blockade of stimulant reward may occur, at least in part, through attenuation of drug-induced increases in dopamine release. CB1 receptor blockade in the NAc core also reduces selfadministration of METH into that region (Rodriguez et al., 2011) , suggesting that not only is METH capable of exerting rewarding effects when injected locally in NAc core, but that CB1 receptors in this region modulate METH's rewarding qualities. Likewise, we have shown CB1 receptor antagonism into the NAc to decrease METH-induced stereotypy (Morra et al., 2010) . These findings show that there is likely an interaction between METH and the endocannabinoid system in the NAc that bears behavioral significance. Although CB1 receptors may modulate dopamine release locally in the NAc, rimonabant's effects may also be mediated by the VTA (Lupica and Riegel, 2005; Oleson et al., 2012) , where CB1 receptors influence excitability of dopaminergic neurons (Lupica and Riegel, 2005; Szabo et al., 2002) .
Factors other than those that acutely modulate monoaminergic activity can significantly influence METH-induced neurochemical alterations. For example, rises in body temperature exacerbate neurochemical depletions from METH (Albers and Sonsalla, 1995; Yuan et al., 2006) , and reductions in METH-induced hyperthermia protect against dopamine deficits (Bowyer et al., 1993) . However, rimonabant likely does not attenuate METH-induced alterations in dopamine dynamics through the prevention of hyperthermia. Hyperthermia is not required for METH-induced neurochemical deficits and modulation of neurotransmitter depletion does not always accompany temperature changes (see Krasnova and Cadet, 2009 ). Co-administration of rimonabant does not prevent hyperthermia from MDMA (Morley et al., 2004) , a substituted amphetamine (Cadet et al., 2007) with similar hyperthermic, behavioral, neurotoxic and neurochemical effects as METH (Fantegrossi et al., 2008; Gough et al., 2002) . Moreover, CB1 receptor agonism is associated with hypothermia (Morley et al., 2004; Touriño et al., 2010) and it is thus unlikely that CB1 receptor blockade also induces hypothermia, which might otherwise explain the attenuation of METH-induced dopamine depletion associated with rimonabant pretreatment.
Although antioxidants mitigate METH-induced monoaminergic depletions (De Vito and Wagner, 1989; Hashimoto et al., 2004) , rimonabant lacks antioxidant activity (Tsvetanova et al., 2006) . Thus, rimonabant's amelioration of METH-induced potential oxidative stress and reduction of dopamine function is more likely a product of decreased dopamine release than inherent antioxidant characteristics.
As glutamate plays a crucial role in dopamine depletions from METH (see Riddle et al., 2006; Stephans and Yamamoto, 1994) , rimonabant could exert its effects through prevention of METHinduced glutamate elevations. It is difficult to determine the role of glutamate in rimonabant's associated effects given that the effects of METH on NAc glutamate are unclear. For example, systemic METH administration is not associated with a rise in glutamate in the NAc (Ago et al., 2011) , and METH conditioned placed paradigms are not associated with changes in metabotropic glutamate receptor expression in the NAc (Herrold et al., 2011) . While glutamate may play a role in striatal dopaminergic deficits that follow METH (see Riddle et al., 2006; Stephans and Yamamoto, 1994) , its role in accumbal depletions is unclear. Future studies are required to ascertain glutamate's precise role in the effects of rimonabant seen here. Likewise, vesiclar monoamine transporter 2 (VMAT2) has been implicated in dopaminergic alterations from METH (Fumagalli et al., 1999; Fleckenstein and Hanson, 2003) , but we are unaware of any evidence implicating VMAT2 in accumbal dopaminergic deficits.
Our findings that METH is associated with compromised NAc dopamine terminal function conflicts with reports suggesting this region is relatively insensitive to METH's dopamine-depleting effects (Eisch et al., 1992; Volz et al., 2007) . Even within electrochemical measurements, our results are at odds with past amperometric work (Cass, 1997; Cass and Manning, 1999) , reporting only modest METH effects on dopamine release in the NAc. Beyond potential differences between voltammetry and amperometry, our results may conflict on the bases of rat strain (Sprague-Dawley vs. Fisher), stimulation (electrical vs. potassium) and dosing regimen (high single-dose vs. low binge dose). Differences in assays employed may explain why the NAc is traditionally not thought to be susceptible to METHs effects: electrically-evoked dopamine release may detect more nuanced indices of compromised terminal function than binding assays (Anderson and Itzhak, 2006) , immunohistochemical (Thomas et al., 2010) techniques, and HPLC (Thomas et al., 2010) that are frequently used in neurotoxicity research. Neurons may exhibit reduced capacity to release dopamine in response to electrical stimulation, while tissue content of dopamine markers may remain consistent. Finally, the high spatial and temporal resolution of voltammetry allows more specific detection of alterations in terminal function throughout the neuropil of the NAc.
The present study contributes significantly to present knowledge on the dopamine sequelae of METH exposure. We demonstrate that we can record neurochemical effects of METH nine days following administration, suggesting that a single METH bolus can initiate a cascade of accumbal dopamine terminal adaptations. We also show that METH administration in environments with rewardassociated cues exacerbates METH-induced neurochemical depletions, suggesting that the environment METH is taken in can have a negative impact that lasts beyond its acute effects. This is the first voltammetric demonstration of CB1 receptor-dependent METHinduced dopamine depletions in the NAc, an area previously thought to be resistant to such effects. Furthermore, this work adds to the growing literature suggesting the endocannabinoid system is a viable target for the modulation of the dopaminergic effects of abused drugs such as METH.
